A small fall in systemic arterial pressure during inspiration has been observed to occur in normal individuals. The term "pulsus paradoxus" has been applied to an accentuation of this phenomenon as it occurs in patients with pericardial tamponade. The mechanism for this increased respiratory variation of systemic arterial pressure during pericardial tamponade has interested many observers. Several explanations, based on observations in experimental animals and man, have been proposed to explain the hemodynamic alterations responsible for pulsus paradoxus. Wood (1) has suggested that with the descent of the diaphragm during inspiration, traction is applied to the pericardium, raising intrapericardial pressure and interfering with left ventricular filling. Dornhorst, Howard, and Leathart (2) , using an experimental model, claimed that filling of the right ventricle during inspiration raised intrapericardial pressure, which then interfered with left ventricular filling. Much earlier, Katz and Gauchat (3) demonstrated a decrease in the pressure gradient between superior vena cava and right atrium during inspiration. On the basis of this observation, they postulated that a similar mechanism on the left side could explain the paradoxical pulse in pericardial tamponade.
Recently, Sharp and co-workers (4) had an opportunity to perform an acute tamponade experiment in a man who required permanent cannulation of the pericardial sac. Their data, not based on actual measurement of pulmonary venous and left atrial pressures, indicated that the mechanism suggested by Katz and Gauchat (3) for the ex-* Supported by grant H-5686 from the U. S. Public Health Service and a grant-in-aid from the American Heart Association; presented in part at the American Heart Association meetings, Miami, Fla., October, 1961. t 
METHODS
Five mongrel dogs weighing 15 to 20 kg were anesthetized with intravenous sodium pentobarbital, 30 mg per kg. An endotracheal tube with rubber cuff was inserted and positive-pressure ventilation was maintained by means of a Harvard respiratory pump. A positive end-expiratory pressure of 3 cm water was maintained to prevent collapse of the lungs when the chest was opened.
The chest was opened by a transverse thoracotomy in the fourth left intercostal space. Through a small opening in the pericardium, polyvinyl catheters (0.070 inch outside diameter, 0.038 inch inside diameter) were inserted into the left atrium through the appendage and into the left ventricle. A no. 14 thin-walled needle was inserted in the left lower pulmonary vein beyond the left atrial junction through a purse-string suture. A soft polyvinyl catheter (0.052 inch outside diameter, 0.027 inch inside diameter) was inserted through the needle, which was then removed over the catheter. The tip of the catheter was placed in the "free" left lower pulmonary vein 1.5 to 2 cm beyond its junction with the left atrium and secured in position. Before the pericardium was closed, two additional polyvinyl catheters were fixed in position in the pericardial space for measurement of intrapericardial pressure and for infusion and withdrawal of fluid.
The pericardium was then closed and examined carefully for any leakage. Insp. (Figure 2 ). In one experiment in which respiration was accentuated by inspiratory obstruction, pulmonary venous pressure showed wide fluctuation with respiration while left atrial pressure remained relatively constant (Figure 4 ). The gradient between pulmonary venous and left atrial pressure was markedly altered during tamponade. Although pulmonary venous pressure continued to exceed left atrial pressure during expiration, dur- cava, the droplets moved towards the right atrium during all phases of respiration, but with maximal velocity during inspiration. During injection into the left upper pulmonary vein, the droplets moved towards the left atrium during all phases of respiration, but with maximum velocity during expiration. After production of pericardial tamponade and in the presence of pulsus paradoxus, the movement of the droplets in the inferior vena cava was reduced during all phases of respiration, but during expiration it was almost halted or actually reversed ( Figure 6 ). The movement of the oil droplets in the pulmonary vein was also slowed during all phases of respiration. Whereas maximal forward velocity occurred with expiration, however, there was now marked decrease in forward movement of the droplets during inspiration, and actual retrograde movement was observed in some instances.
In one instance, a large amount of opaque oil was injected into the left atrium during pericardial tamponade. A large globule of oil remained in the left atrium after the injection was completed, allowing the effects of respiration on pulmonary venous flow to be clearly observed. During expiration the globule was located entirely within the left atrium, but with inspiration there was a marked retrograde movement of the opaque material into the pulmonary veins, extending even into the major tributaries ( Figure 7 ). This provided conclusive evidence of reversal of pulmonary venous flow during inspiration.
DISCUSSION
The results of the present study indicate that an abnormal gradient between pulmonary venous and left atrial pressure is the major underlying hemodynamic alteration responsible for pulsus paradoxus. Katz vena cava and the right atrium was reduced during inspiration. This finding, coupled with the observation that during tamponade the respiratory fluctuations of intrapericardial pressure disappeared, suggested to them that intrathoracic pressure was not equally transmitted to intrapericardial and extrapericardial structures, in the presence of pericardial tamponade. They postulated that this reduction of the gradient between the filling veins and the right heart probably also occurred between the pulmonary veins and the left heart. Thus, reduced filling of the left ventricle during inspiration might occur and would then result in a lowered left ventricular stroke output and systemic arterial pressure.
During a study of experimental tamponade, Isaacs, Berglund, and Sarnoff (6) The present study offers direct evidence that the mechanism for pulsus paradoxus resides in the altered relationship between pulmonary venous and left atrial pressure during the respiratory cycle. Normally, the variations in intrathoracic pressures are well transmitted to the pericardial space. Even under normal conditions, however, the intrathoracic pressure changes do not equally affect left atrial and pulmonary venous pressures so that there is a small reduction in the gradient between pulmonary venous and left atrial pressure during inspiration. This would interfere with left atrial and left ventricular filling and would explain the lowered left ventricular ejection and systemic arterial pressure observed during inspiration under normal conditions. During pericardial tamponade, the fluid under high pressure in the pericardial space interferes markedly with transmission of the negative pressure to the left atrium during inspiration. During tamponade, left atrial pressure tends to follow intrapericardial pressure rather than intrathoracic pressure, while pulmonary venous pressure continues to show wide fluctuations with changes in intrathoracic pressure. Thus during inspiration a disproportionate fall in pulmonary venous pressure may occur as compared to left atrial pressure, resulting in a fall or actual reversal of the normal filling gradient of the left atrium. This interferes with left atrial and left ventricular filling even more than usual during inspiration, exaggerating the normal drop in left ventricular stroke volume and systemic arterial pressure.
In several instances where the degree of pericardial tamponade was extreme and systemic pressure markedly reduced, the pulsus paradoxus disappeared. This might have been due to reduction of the total cardiac output. Another possible explanation, however, might be that as the pulmonary veins became more and more distended they lost their capacity to expand further in response to changes in intrathoracic pressure.
An interesting concept relating to mechanics of left ventricular filling is presented in this study.
In some experiments, a constant level of left atrial pressure was observed throughout the respiratory cycle during pericardial tamponade. Despite this constant filling pressure of the left ventricle, there was a marked variation in its stroke output. It is possible that very minor differences in filling pressure, not measurable by the methods used, could account for these observations. The phenomenon could also be explained on the basis of a different effective compliance of the left atrial and ventricular walls during tamponade. In the normal animal, filling of the left ventricle will depend on the filling pressure and the compliance of the wall. During tamponade, a constant external pressure is applied to the ventricle, markedly limiting its distensibility. During diastole there is direct communication between the left ventricle, left atrium, and pulmonary veins. The amount of blood flow from left atrium into left ventricle may therefore be influenced by retrograde flow into the pulmonary veins. Thus even in the face of a constant left atrial pressure, occasioned by the constant external pressure from the pericardial sac, the flow from left atrium into left ventricle, and hence left ventricular volume in diastole, may vary. During inspiration, when pulmonary venous pressure falls below left atrial and intrapericardial pressure and retrograde flow into the pulmonary veins occurs, left ventricular filling may be reduced. During expiration, when pulmonary venous pressure exceeds left atrial pressure, greater filling of the left ventricle may occur.
It is interesting that the cineangiogram studies we conducted suggest that maximal filling of the right atrium during tamponade occurs during inspiration. Katz and Gauchat (3), on the other hand, from their measurements of gradients between superior vena caval and right atrial pressures, indicated that maximal filling of the right atrium would occur during expiration when the gradient is most favorable. A possible explanation for this difference seems to rest in the nature of the superior vena cava as an intrathoracic but extrapericardial vessel, subjected to respiratory fluctuations similar to those of the pulmonary veins. The inferior vena cava, on the other hand, is largely extrathoracic and during tamponade would not be subjected to the same extent to changes in intrathoracic pressure. Brecher (7) has in fact shown that inferior vena caval pressure actually increases during inspiration owing to descent of the diaphragm and the pressure exerted on it.
